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Abstract
One of the primary challenges in wireless sensor networks is the

limited energy of nodes and their lifespan. In this paper, we utilize
compressive sensing theory to reduce the number of transmissions and
ultimately increase the lifespan of the wireless sensor network. The
data in some wireless sensor networks, in addition to spatial
correlation, also has temporal correlation. The proposed method in this
paper exploits both types of correlation to minimize the mean squared
error of the reconstructed data signal. Additionally, we employ a
sleep/wake algorithm to reduce the energy consumption of nodes. The
awake nodes in the proposed method are determined using a genetic
algorithm, as finding the optimal nodes is an NP-hard problem. After
deciding the awake nodes, an ant colony algorithm is used to construct
the optimal aggregation tree for the awake nodes. Simulation results
show that our proposed approach in selecting awake nodes and routing
them leads to an improvement of more than 48% in reconstruction
error and also an increase of more than 18% in network lifetime
compared to the evaluated methods.

Keywords: Wireless sensor network, intensive sensing theory, sleep-
wake algorithm, data aggregation routing, energy consumption,
lifetime.

Highlights

e  Choosing awake nodes intelligently, which will improve the reconstruction accuracy and increase the
lifetime of the network compared to when the sensor nodes are randomly activated.
e The reduction of reconstruction error in the proposed method is due to the use of a genetic algorithm to find

awake nodes.

e  The longer lifetime of the node is due to the intelligent selection of awake nodes with the genetic algorithm,
and by considering the remaining energy of the sensors and using optimal routing with the ant algorithm.
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1. Introduction

In recent years, with significant advancements in the technology of manufacturing high-performance,
appropriately sized sensors with wireless communication capabilities, the possibility of utilizing wireless sensor
networks for monitoring physical phenomena in various applications has been made possible. For instance, water
quality monitoring [1], agricultural monitoring [2], forest fire monitoring [3], and so on.

One of the primary challenges in such networks is the limited energy of the sensor node, which manifests as a
weakness in performance. Numerous solutions have been proposed to reduce energy consumption and extend the
lifespan of the sensor network. One of these solutions is the employment of compressive sensing. Compressive
sensing [4] provides a novel perspective for efficient data collection without compromising data recovery quality.
This method enables the base station, which essentially serves as the fusion center, to reconstruct physical
phenomena using a smaller volume of data.

2. Innovation and contributions

In this research, the focus is on conventional wireless sensor networks, which consist of a vast number of sensor
nodes densely distributed in the field. These types of networks are utilized for gathering data of interest in
applications such as geographic monitoring, industrial surveillance, security, and climate monitoring. In the data
of sensor networks for physical phenomena, there is spatial correlation as well as temporal correlation. Given that
the data signal changes very little in each round due to high temporal correlation [6,7], the proposed approach, by
utilizing the information of the reconstructed signal in the previous round, first selects the awake nodes in the next
round at the base station using a genetic algorithm, and then constructs an optimal Steiner tree using an ant colony
algorithm to connect the awake nodes to each other and to the base station. The intelligent selection of awake
nodes will improve the reconstruction accuracy and increase the network lifetime compared to when sensor nodes
are activated randomly [5, 8, 9].

Among the innovations of this paper, the following can be stated:

In the proposed method, after identifying the awake nodes, a compressed sensory data aggregation tree must be
optimally constructed to send the data of the awake nodes to the base station. The awake nodes, as terminals, must
be included in the tree. However, in most cases, the tree cannot be constructed only with terminals, and additional
nodes must also participate in the tree construction. The problem of constructing such a tree is the Steiner tree
problem, which is an NP-Hard problem.

We have utilized the ant colony optimization algorithm for tree construction. Initially, we place an ant at each
terminal node, which must be connected to each other. In each iteration, the ant moves to one of the neighboring
sensor nodes. The selection of the next node is entirely random, but in a way that ants are attracted to the paths
traversed by others. Each ant maintains a separate list of nodes it has previously visited, referred to as the taboo
list. This list prevents the ant from revisiting a node it has already encountered. When an ant encounters another
ant or even the path of another ant, it joins it so that the paths followed by the two ants form a common subtree.
When all ants reach the base station, a Steiner tree is constructed in each iteration based on their paths.

The tree constructed at this stage is initially used to send control packets to the nodes that should participate in
the desired round. Each node that receives a control packet identifies its parent and children in the tree and waits
to receive them. Then, this same tree will also be used to send compressed sensory data by the awake nodes.

The reconstruction error in our proposed method is lower than other methods. The reason for the reduction in
reconstruction error compared to other methods is the use of a genetic algorithm to find awake nodes.

Our proposed method outperforms other tested methods in terms of lifespan. The reason for the superior
performance of the proposed method is the intelligent selection of awake nodes using a genetic algorithm,
considering the remaining energy of the sensors, as well as the use of optimal routing with an ant colony algorithm.

3. Materials and Methods

In this section, we demonstrate using synthetic data that the proposed method outperforms other methods in terms
of signal reconstruction accuracy and network lifetime. The simulations were conducted using the MATLAB
programming environment.

To evaluate energy consumption, the model presented in [11] is employed. The sensor radio operates in one of
four states: transmitting, receiving, listening (active), or sleeping.

Table 1 shows the power consumption of each state and the required time. The formula for energy and power is
Energy = Power x Time.

For example, the amount of energy consumed by a transmitter to send a data packet can be calculated using the
following equation:

Energy = Power X Time

Energy = P, X Time

Energy PXx L X Tg

Energy = 60 X 24 x 0.416 x 1073

Energy 0.00059904 ] = 599
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All data and control packets are assumed to be 64 bits long. An AWGN channel is used for sensor transmissions,
resulting in various data loss probabilities. We employ the CVX software package [12] for reconstructing the
llx113
lI2-xl13"
Network lifetime is defined as the time when the first sensor dies. In order to evaluate the performance, we
compared the proposed method with method [5] which only utilizes spatial correlation, method [10] which utilizes
both spatial and temporal correlation, and the proposed method in [9] which uses a model-free Q-learning
algorithm for searching optimal decision-making strategies while simultaneously employing a compressed sensor

and sleep scheduling.

In the simulations, n wireless sensor nodes are randomly distributed in a square environment with dimensions
d X d m?. The communication radius of the sensors is considered to be R meters. The base station is also located
at one of the corners of the environment at coordinates (0, 0). The initial energy of all sensor nodes is Ej,;. The
data signal x is randomly generated with a dimension of n for different time instants, where s non-zero components
are selected independently and identically distributed (i.i.d). from a Gaussian distribution with zero mean and
unit variance. The dictionary ¥ is initially constructed by creating an n X n matrix with i.i.d. selections from a
Gaussian distribution N(0.1), and then the columns of ¥ are normalized to a unit scale. The wireless channel SNR
is considered to be 20 dB, which along with the modulation type and packet length, determines the data loss
probability [13].

A value of B = 10~3 was considered. Additionally, sensor measurements were subjected to zero-mean Gaussian
noise errors, resulting in a signal-to-noise ratio of 20 dB. Furthermore, it was assumed in all experiments that 20%
of the estimated signal was inaccurate.

In the ant colony algorithm simulation, a population size of 50 and 100 iterations were considered. Additionally,
the parameter values were setto p = 0.1,y =5,1=2,a =1, = 1.5.

compressed sensor signal. The reconstruction performance is evaluated using the mean relative error

4. Results and Discussion

Figure 1 illustrates the reconstruction accuracy for the proposed method and the methods presented in [5] and [10]
for different values of s. The value of m is considered to be 200. As can be seen, for all methods, the reconstruction
error decreases with decreasing s. The reconstruction error in our proposed method is lower than the other
methods. The proposed method resulted in approximately a 48% improvement in reconstruction error compared
to method [5]. The reason for the decrease in the reconstruction error is the selection of appropriate nodes to send
data in each round, while the selection of awake nodes in [5] is completely random. Compared to the method in
[10], we have about a 59% improvement in reconstruction error, which is due to the use of a genetic algorithm to
find awake nodes. In [10], as mentioned earlier, the problem is solved by using convex reconstruction with
simplification, and the solutions of the genetic algorithm are more optimal than the convex reconstruction method.
The proposed method in [9] is a distributed method and cannot find suitable awake nodes that lead to a lower
relative error and results in a suboptimal shadow matrix. Therefore, the reconstruction error of this method is also
higher than our proposed method. Our proposed algorithm reduces the reconstruction error by about 61%
compared to this method.
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Figure 1: Reconstruction error of different methods for various sparsity level

In Figure 2, we evaluate the network lifetime for the proposed method as well as two other methods, where s=100.
This figure illustrates the network lifetime for different values of m, representing the number of active nodes in
each round. The proposed method outperforms both other methods in terms of lifetime. The superior performance
of the proposed method is attributed to the intelligent selection of active nodes using a genetic algorithm,
considering the residual energy of sensors, and the employment of optimal routing using an ant colony algorithm.
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The proposed method in [9] has a relatively similar lifespan compared to our method. The reason for the good
lifespan of the method in [9] is the distributed nature of their algorithm and the reduction in the overhead of
sending control packets.

Our proposed method, compared to the method presented in [5], has led to an average improvement in network
lifetime of about 18%. When compared to the method proposed in [10], this improvement is approximately 32%,
and in comparison to method [9], it has resulted in a nearly 1% increase in network lifetime.
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Figure 2: Network lifetime versus the number of awake nodes

In Figure 3, we also evaluate the reconstruction error for different simulation methods with varying values of m.
For these experiments, we set s=100. In all evaluated methods, the reconstruction error decreases as the number
of awake nodes in each round increases.

Even in this form, it is clearly evident that the reconstruction error of the proposed method is better than the two
evaluated methods, the reasons for which superiority were previously explained.
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Figure 3: Reconstruction error as a function of the number of awake nodes

In sensor networks, both the signal accuracy of the received data and the network's lifetime are of paramount
importance. Figure 4 simultaneously examines both the lifetime and reconstruction error parameters in the form

of P = L;:fr—il;g for various values of m and s in the proposed method to determine the optimal value of m.
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Figure 4: Simultaneous investigation of lifetime and accuracy for different numbers of awake nodes
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The higher the value of m, representing the number of active nodes in each phase, the lower the reconstruction
error; however, the network lifetime decreases. For the conducted experiments, m=200 was found to be the
optimal number of active nodes.

As a final test and evaluation of the overall performance of all four methods, we have simultaneously examined

o . length .
both the lifetime parameter and the reconstruction error under the parameter P = %. In this

experiment, the value of m=200 was considered.
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Figure 5: A simultaneous examination of the lifespan and accuracy of the evaluation methods

As illustrated, our proposed method outperforms all three compared methods when considering both network
lifetime and reconstruction error simultaneously. The reasons for this superiority have been elaborated in the
preceding sections.

5. Conclusion

In order to increase the lifetime of wireless sensor networks, compressed sensing can be utilized. When employing
compressed sensing, some nodes participate in data transmission while others do not. Nodes that do not participate
in data transmission can be put into sleep mode to save energy. Random and distributed selection of awake nodes
leads to a higher reconstruction error; therefore, a centralized method was used for node selection. In the proposed
method, the awake nodes were determined using a genetic algorithm. Additionally, an ant colony optimization
algorithm was used to construct an optimal path between the awake nodes and the base station. Simulation results
indicate an increase in lifetime and a decrease in reconstruction error by employing the proposed method.

In the proposed method, a relationship was used to identify awake nodes. In this relationship, the previous round
data signal was used. In future work, we will utilize a predictor to construct the next round signal based on the
temporal correlation between the sensor data signals. This constructed signal will then be incorporated into the
relationship to better identify the awake nodes.

6. Acknowledgement
We are grateful to Dr.Bagherifard and Dr.Mehrjoo for his valuable advice on the study design and his final review
of the manuscript.

References

[1] G. A. Lépez-Ramirez and A. Aragon-Zavala, "Wireless Sensor Networks for Water Quality Monitoring: A
Comprehensive Review," in IEEE Access, vol. 11, pp. 95120-95142,2023, doi: 10.1109/ACCESS.2023.3308905.

[2] M. N. Mowla, N. Mowla, A. F. M. S. Shah, K. M. Rabie and T. Shongwe, "Internet of Things and Wireless
Sensor Networks for Smart Agriculture Applications: A Survey," in IEEE Access, vol. 11, pp. 145813-145852,
2023, doi: 10.1109/ACCESS.2023.3346299.

[3]1 D. R. Zaidan, A. G. Wadday, M. M. Abbood, A. F. Al-Baghdadi and B. J. Hamza, "Forest fire detection based
wireless sensor networks-survey," in AIP Conference Proceedings, 2023, vol. 2776, no. 1, doi:
10.1063/5.0136658.

[4] D. L. Donoho, "Compressed sensing," in /EEE Transactions on Information Theory, vol. 52, no. 4, pp. 1289-
1306, April 2006, doi: 10.1109/TIT.2006.871582.



6 Journal of Southern Communication Engineering, Vol. x/ No.x/ xxx

[5]1Q. Ling and Z. Tian, "Decentralized Sparse Signal Recovery for Compressive Sleeping Wireless Sensor
Networks," in [EEE Transactions on Signal Processing, vol. 58, no. 7, pp. 3816-3827, July 2010, doi:
10.1109/TSP.2010.2047721.

[6] N. Vaswani and W. Lu, "Modified-CS: Modifying Compressive Sensing for Problems With Partially Known
Support," in [EEE Transactions on Signal Processing, vol. 58, no. 9, pp. 4595-4607, Sept. 2010, doi:
10.1109/TSP.2010.2051150.

[71W. Lu and N. Vaswani, "Regularized Modified BPDN for Noisy Sparse Reconstruction With Partial
Erroneous Support and Signal Value Knowledge," in IEEE Transactions on Signal Processing, vol. 60, no. 1, pp.
182-196, Jan. 2012, doi: 10.1109/TSP.2011.2170981.

[8] S. Mehrjoo, F. Khunjush, and A. Ghaedi, "Fully distributed sleeping compressive data gathering in wireless
sensor networks," IET Communications, vol. 14, no. 5, pp. 830-837, 2020, doi: 10.1049/iet-com.2019.0077.

[9] X. Wang, H. Chen ,and S. Li, "A reinforcement learning-based sleep scheduling algorithm for compressive
data gathering in wireless sensor networks," EURASIP Journal on Wireless Communications and Networking,
vol. 2023, no. 1, p. 28, 2023, doi: 10.1186/s13638-023-02237-4.

[10] W. Chen and I. J. Wassell, "Optimized Node Selection for Compressive Sleeping Wireless Sensor
Networks," in IEEE Transactions on Vehicular Technology, vol. 65, no. 2, pp. 827-836, Feb. 2016, doi:
10.1109/TVT.2015.2400635.

[11] V. Shnayder, M. Hempstead, B.-r. Chen, G. W. Allen and M. Welsh, "Simulating the power consumption
of large-scale sensor network applications," in Proceedings of the 2nd international conference on Embedded
networked sensor systems, 2004, pp. 188-200, doi: 10.1145/1031495.103151.

[12] M. Grant, S. Boyd, and Y. Ye, "CVX: Matlab software for disciplined convex programming, version 2.0
beta," ed, 2013.

[13] J. G. Proakis, Digital communications. McGraw-Hill, Higher Education, 2008.

Declaration of Competing Interest: Authors do not have conflict of interest. The content of the paper is approved
by the authors.

Author Contributions:

Mohammad Hassan Katebi Jahromi: Software, methodology, writing original draft preparation; Karamollah
Bagherifard: Resources, methodology, manuscript editing; Razieh MalekHoseini: Resources, manuscript
editing; Saeed Mehrjoo: Resources, manuscript editing.

Open Access: Journal of Southern Communication Engineering is an open access journal. All papers are
immediately available to read and reuse upon publication.



